Comparisons of cosmological models to current data show that the presence of a non-trivial feature in the primordial power spectrum of fluctuations, around the scale k ∼ 0.05hMpc −1 , is an open and exciting possibility, testable in a near future. This could set new constraints on inflationary models. In particular, current data favour a steplike spectrum, possibly with more power on small scales. So far, this possibility has been implemented only in toy models of inflation. In this work, we propose a supersymmetric model with two U (1) gauge symmetries, associated with two Fayet-Illiopoulos terms. Cancellation of one of the Fayet-Illiopoulos by a charged field generates a step in the primordial power spectrum of adiabatic perturbations. We show that the spectrum may have more power on small scales, due to the specific role of isocurvature modes in multiple hybrid inflation.
Introduction
A most exciting aspect of inflationary models is the possibility of constraining them through observations of cosmological perturbations. Generally, the power spectrum of primordial fluctuations can be easily related to the inflation potential [1] . In more complicated models, like multiple-stage inflation [2, 3, 4] , slow-roll conditions may be violated; then, the primordial spectrum has to be derived from first principles, and exhibits a non-trivial feature at some scale. These scenarios shouldn't be regarded as unrealistic: inflation has to take place within the framework of a high-energy theory, with many scalar fields. So, the real question is not to know wether multiple-stage inflation can occur, but wether it is predictive and testable, or just speculative. Multiple-stage inflation has already been invoked for many purposes : generation of features in the power spectrum on observable scales, setting of initial conditions, description of the end of inflation. Here we are interested in the first possibility. The range of cosmological perturbations observable today in the linear or quasilinear regime has been generated during approximately 8 e-folds of inflation, 50 e-folds before the end of inflation. So, a feature in the primordial power spectrum could be observable without any fine-tuning of inflationary stage durations; only observations can rule out this possibility.
In the radiation and matter dominated Universe, primordial fluctuations of the metric perturbations couple with all components, leading to the formation of Cosmic Microwave Background (CMB) anisotropies and Large Scale Structure (LSS). It is well established that a pure Cold Dark Matter (CDM) scenario, in a flat universe, and with a scale-invariant or even a tilted primordial spectrum, is in conflict with LSS data. So, many variants of this scenario have been considered, including a Broken Scale Invariant (BSI) power spectrum. Indeed, standard CDM predictions are improved when less power is predicted on small scales. Specific cases have been compared accurately with both LSS data and recent CMB experiments, including the double-inflationary spectrum of [5] , and the steplike spectrum of [6] . However, even with such spectra, it has been shown [7, 8, 9] that standard CDM cannot be made compatible with all observations. Independently, recent constraints from Ia supernovae [10] strongly favour the ΛCDM scenario, with a cosmological constant Λ ≃ 0.6 − 0.7 and a Hubble parameter h = 0.6 − 0.7. In this framework, a reasonnable fit to all CMB and LSS data can be obtained with a flat or a slighly tilted spectrum. So, ΛCDM is very promising and should be probably considered as a current standard picture, from which possible deviations can be tested. In this respect, in spite of large error bars, some data indicate a possible sharp feature in the primordial power spectrum around the scale k ≃ 0.05hMpc −1 . First, APM redshift survey data seem to point out the existence of a step in the present matter power spectrum [11, 3] . Second, Abell galaxy cluster data exhibit a similar feature [12] (at first sigh, it looks more like a spike than like a step, but in fact a steplike primordial spectrum multiplied with the transfer function reproduces this shape [8] ). Third, this scale corresponds to l ∼ 300, i.e. to the first accoustic peak in the CMB anisotropies, and increasing power at this scale, through a bump or a step, would lead to a better agreement with Saskatoon. In the next years, future observations will either rule out this possibility (which will then be attributed to underestimated errorbars), or confirm the existence of a feature, and precisely constraint its shape. In [8, 9] , we compared a specific BSI ΛCDM model with CMB and LSS data. The primordial spectrum was taken from a toy model proposed by Starobinsky [6] , in which the derivative of the inflaton potential changes very rapidly in a narrow region. In this case, the primordial spectrum consists in two approximately flat plateaus, separated by a step. This model improves the fits to CMB and LSS data (even when the cluster data are not taken into account). It also reproduces fairly well the feature of Einasto et al. [12] when the step is inverted with respect to the usual picture, i.e., with more power on small scales. Independently, in a preliminary work [13] (motivated by the inflationary model of [14] ), a primordial spectrum with a bump centered at k ≃ 0.06hMpc −1 was compared with CMB and LSS data, including more redshift surveys than in [8] , and not taking Einasto et al. [12] data into account. It is remarkable that among many cosmological scenarios, this BSI spectrum combined with ΛCDM yields one of the best fits.
So, we have good motivations for searching inflationary models based on realistic high-energy physics, that predict a bump or an inverted step at some scale, and approximately scale-invariant plateaus far from it. Successfull comparison with the data requires the deviation from scale invariance to be concentrated in a narrow region k 1 ≤ k ≤ k 2 ; roughly, k 2 /k 1 should be in the range 2-10. This is quite challenging, because double inflationary models studied so far predict systematically less power on small scale, with a logarithmic decrease on large scale rather than a plateau. However, these models were based on the general framework of chaotic inflation. Today, the best theoretically motivated framework is hybrid inflation [15] . Indeed, hybrid inflation has many attractive properties, and appears naturally in supersymmetric models: the inflaton field(s) follow(s) one of the flat directions of the potential, and the approximately constant potential energy density is provided by the susy-breaking F or D-term. When the F-term does not vanish, conditions for inflation are generally spoiled by supergravity corrections, unless interesting but rather complicated variants are considered (for a very good review, see [16] ). On the contrary, the simple D-term inflation mechanism proposed by Binétruy & Dvali [17] is naturally protected against supergravity corrections, and can be easily implemented in realistic particle physics models, like the GUT model of reference [18] , without invoking ad hoc additional sectors. If supergravity is considered as an effective theory from superstrings, D-term inflation may be problematic [16, 19] ; however, this question is still open, and our goal is not to improve the paradigm, but just to see if a primordial power spectrum of the desired shape can be predicted. So, we propose a variant of D-term inflation, with two Fayet-Iliopoulos terms. We will show that this model predicts a two-stage inflation with a steplike spectrum. The detailed shape of the step is model-dependent, and will not be calculated here. We will focus on the amplitude of the two plateaus, and find that the step can be either inverted or not.
In a very interesting paper, Tetradis & Sakellariadou [4] studied a supersymmetric double inflationary model with a quite similar lagrangian. However, their main motivation is to save standard CDM; so, they are pushed to regions in parameter space quite different from us : this is why they don't consider a steplike spectrum with flat plateaus, but rather a power-law spectrum with n = 1 on large scales and n < 1 on small scales. Moreover, the prediction of an inverted step requires a detailed treatment of the adiabatic/isocurvature mode splitting during inflation, that will be done in the Appendix.
The model
We consider a supersymmetric model with two gauge symmetries U(1) A × U(1) B , and two associated Fayet-Iliopoulos positive terms ξ A and ξ B . We remind that only in effective theories from weakly coupled strings, a single FayetIliopoulos is predicted, associated with the anomalous U(1). However, in this case, the expected value for √ ξ is typically too large (by one or two orders of magnitude) with respect to the value imposed by COBE in single D-term inflation [16] , and the Fayet-Iliopoulos term must be justified by some other unknown mechanism. So, there is no reason to consider only one term. In this framework, the most simple workable model involves six scalar fields: two singlets A and B, and four charged fields A ± , B ± , with charges (±1, 0), (0, ±1). The presence of two singlets is crucial. With only one singlet coupling to both A ± and B ± , we would still have double-inflation, but the second stage would be driven by both F and D-terms, and no sharp feature would be predicted in the primordial spectrum. However, with two singlets, several successful variants can be considered: A ± , B ± may be charged under both symmetries; more charged fields may be involved; the symmetries can be anomalous; finally, both global susy and supergravity versions can be studied. All these possibilities will change the details of the scenario described thereafter, but not its main features. We consider the superpotential : W = αAA + A − + βBB + B − (with a redefinition of A and B, we have suppressed terms in BA + A − , AB + B − , and made (α, β) real and positive). In global susy, the corresponding tree-level scalar potential is:
with a global supersymmetric vacuum at
The two slow-roll inflationary stages
There will be generically two stages of inflation, provided that initial conditions for (A, B) obey to :
Then, charged fields have positive squared masses and stand in their (local) minimum A ± = B ± = 0 (for a discussion of the charged fields initial condi-tions, see for instance [20, 21] ). A and B have a constant phase, while their moduliÃ ≡ |A|/ √ 2 andB ≡ |B|/ √ 2 behave as two real inflaton fields, until one inequality in (2) breaks down. We assume, for instance, that the condition on B breaks first.
During this first stage, slow-roll is driven by the (almost flat) effective potential:
2 B )/2 + ∆V . The one-loop correction ∆V is small (∆V ≪ V ), but crucial for the fields evolution. It consists in two terms with a logarithmic dependence on A and B. The former takes the simple form of [22] , because we can assume
The latter is more complicated because the dimensionless quantity b ≡ (g
2 ) goes from 0 to 1 during this first inflationary stage. The exact expressions are :
(Λ is the renormalization energy scale at which g A and g B must be evaluated). When b ≪ 1, the term between brackets vanishes. Even at b = 1, it only increases the derivative by a factor 2 ln 2 : so, it can be neglected in qualitative studies. In this approximation, it is easy to calculate the trajectories of A and B, and to note that the first inflationary stage is broken by B only if the initial condition obey to :
The ratio on the right handside shouldn't be much smaller than one in order to avoid fine-tuning of the initial conditions. At the end of the first stage, (B, B − ) evolve to another false vacuum: B = 0, B − = √ ξ B , and a second stage begins occurs, driven by the usual single-field D-term inflationary potential
If the transition is to take place when observable scales cross the Hubble radius, it should be followed by N ≃ 50 e-folds (a more precise constraint would require a detailed model-dependent description of the end of inflation and the reheating process). Assuming further that all subsequent inflation is described by this second stage, we find :
where c(N) is a coefficient of order one containing the uncertainty on the exact e-fold number. For natural values of g A and g B (not much bigger than unity), slow-roll conditions for A are automatically statisfied in the vicinity of the break, due to the previous e-fold constraint (5) . On the other hand, slow-roll conditions for B could break before the end of the first stage, unless we impose:
With this assumption, the primordial spectrum of adiabatic perturbations generated before and after the transition is approximately scale-invariant. An isocurvature mode is also generated during the first stage, but for simplicity we suppose that it can be neglected today (we will take the isocurvature mode into account only during inflation, because this is necessary in order to get the correct amplitude for the adiabatic mode). During the second inflation, with the notations of [1] , the primordial spectrum reads:
where V is the potential during the second inflation, and V ′ is its derivative with respect toÃ. When the primordial spectrum is evaluated at a given scale k, V and V ′ must be taken at the time of Hubble radius crossing, i.e. when k = aH. To normalize precisely this spectrum (7) to COBE, it would be necessary to calculate the contribution of cosmic strings generated by symmetry breakings [23] , to make assumptions about the geometry and matter content of the universe, and to fix the amplitude of the step in the primordial power spectrum (the parameter p calculated thereafter). However, if perturbations generated by cosmic strings are not dominant, and if p is of order one as required by observation, we can estimate the order of magnitude of the primordial spectrum:
During the first inflation, the primordial spectrum calculation must be done more carefully. In particular, it is not possible to apply the expression of multiple chaotic inflation:
in which V A (resp. V B ) is a monomial in |A| (resp. |B|), and the total potential reads V = V A + V B . Definition of quantities such as V A and V B in models of multiple hybrid inflation is ambiguous, since V includes a constant term,
To avoid confusion, we recall in the Appendix how the correct expression for adiabatic perturbations in multiple slow-roll inflation can be obtained. In our case, we get (see eq. (21)):
From this expression, we immediately obtain the step amplitude p, defined between the end of the first stage (t = t 1 ) and the beginning of the second stage (t = t 2 ) :
Here, |A| 1 and |A| 2 are the values of |A| just before and just after the transition. Since the condition ∆V
P V 2 holds even during the break, they should be taken equal:
The fact that p can be smaller than one (inverted step) or equal to one (scale-invariant spectrum with an additional feature) is our main result. In chaotic double inflation, p < 1 is impossible, and p = 1 means that there is no feature at all, in contrast with the present situation. This difference is due entirely to the factor 1/4 in equations (10, 11) , which follows from the role of isocurvature perturbations during multiple hybrid inflation, as shown in the Appendix.
We shall now see wether natural values of the parameters (ξ A , ξ B , g A , g B , β, c(N)) can fulfill all the constraints found so far, i.e. : (i) no fine-tuning of the initial conditions for A, B (4); (ii) slow-roll until the end of the first inflationary stage (6); (iii) transition at an observable scale (5); (iv) small-scale power-spectrum normalization (8); (v) small amplitude for the step: 0.5 < p < 1.5. By natural values of the parameters, we mean, first, that we shouldn't introduce a new mass scale √ ξ B ≪ √ ξ A (indeed, the mass scale found for √ ξ A is the same as in usual D-term inflation, i.e., three orders of magnitude below the Planck mass. This is not easy to justify, and introducing another smaller mass scale would make things even more difficult). Second, that the dimensionless couplings g A , g B , β shouldn't be fine-tuned to artificially small values. Taking into account all these considerations, we find a single allowed window in parameter space :
(i) ξ B must be equal to ξ A or smaller (but as we said, of the same order of magnitude). (ii) g A must be approximately equal to g B :
(iii) β must be of order 10 −3 :
These orders of magnitude require no special fine-tuning, or at least, not more than in single D-term inflation. The allowed window in parameter space is very narrow, but this has nothing to do with the fact that they be natural or not; on the contrary, it shows that the model is well constrained. Small variations inside the allowed window will produce step amplitudes in the range 0.5 < p < 1.5. For instance, the choice:
c(N) = 1.7 leads to p = 0.81.
We have only considered parameter values for which the large-scale plateau of the adiabatic perturbation power spectrum is approximately scale invariant. In this case, it is easy to show that the tensor perturbations will not contribute significantly to CMB anisotropies (C
). However, it is possible to allow a small scalar tilt on large scales, and obtain a significant tensor contribution. It has been shown in [9] that this variant is also in very good agreement with current observations.
The transition between slow-roll inflationary stages
We will briefly discuss the issue of primordial spectrum calculation for k 1 < k < k 2 . During this stage, A is still slow-rolling, but B and B − obey to the second-order differential equations in global susy:
The derivatives of the potential are given by the tree-level expression (1), plus complicated one-loop corrections : when our toy model is embedded in a realistic particle model, the non-zero value of the Higgs field B − induces mass splittings for all gauginos. In supergravity, the tree-level potential will be different from (1), even with a minimal gauge kinetic function and Kähler potential. With a non-minimal Kähler potential, an additional factor will also multiply both inertial and damping termsB (−) + 3HḂ (−) . The evolution of background quantities has been already studied in a similar situation in [20] .
As far as perturbations are concerned, the simplest possibility would be to recover the generic primordial power spectrum introduced by Starobinsky [6] , also in the case of a transition between two slow-roll inflationary stages. This would be possible if : (i) H was approximately constant in the vicinity of the transition; (ii) the number of e-folds separating both slow-rolling regimes was much smaller than one (in other terms, the timescale of the transition must be much smaller than H −1 ). Unfortunately, a quick estimation based on the tree-level potential shows that the first slow-roll condition on B − is violated, so (i) is not a good approximation. Moreover, (ii) is in contradiction with the equations of motion (12) : B and B − only stabilize after a time-scale δt ∼ H −1 , due to the damping factor +3H. This statement is very general, and holds even in supergravity with a non-minimal Kähler potential. So, it seems that only a first-order phase transition can reproduce the exact power spectrum [6] , as previously noticed by Starobinsky himself [24] . A model of inflation with a first-order phase transition has been proposed in [14] .
Further, we don't believe that the power spectrum in our model can be approximated by the numerical solution of double chaotic inflation [5] . Indeed, as stressed in the Appendix, the splitting between adiabatic and isocurvature modes is quite different in chaotic and hybrid scenarios. Also, in chaotic double inflation, fields masses are typically of the same order as the Hubble parameter: so, background fields have no strong oscillatory regime. In our case, estimating the effective mass for B − from the tree-level potential, and comparing it with V (which gives a lower bound on H), we see that before stabilization, B − will undergo approximately ∼ M P / √ ξ B ∼ 10 3 oscillations. These oscillations are relevant for the adiabatic mode calculation, because B − perturbations and metric perturbations will strongly couple.
So, for each particular model, a numerical integration of the background and perturbation equations should be performed in order to find the shape, and even the width of the transition in the primordial power spectrum. The result could be either a step or a bump, and since the fields stabilize in δt ∼ H −1 , it is reasonnable to think that, at least for some values of the parameters, the width of the feature will not be too large, (k 2 /k 1 ) ≤ 10. So, in any case, the primordial spectrum should be in good agreement with current observations, but precise comparison with future data requires numerical work.
Conclusion
We introduced a model of double D-term inflation, with two U(1) gauge symmetries, and two associated Fayet-Iliopoulos terms. The cancellation of the first term separates two slow-roll inflationary stages, while the cancellation of the second term ends inflation. The primordial spectrum of adiabatic perturbations consists in two approximately scale-invariant plateaus, separated by an unknown feature, presumably of small width. We calculated p, the ratio of primordial power spectrum amplitude between the two plateaus, and found a reasonnable window in parameter space for which the scenario is viable. One of our main results is that p can be both larger or smaller than one. This feature, which is new in the framework of multiple field inflation, is due to a splitting effect of the inflaton perturbations between adiabatic and isocurvature modes, shown to be generic in multiple hybrid inflation. The case p < 1 is likely to give a good fit to current LSS and CMB data, as argued in [8, 9] . However, for a detailed comparison of our model with observations, we need the shape of the primordial power spectrum between the plateaus. This issue requires a numerical integration, and the result will be model-dependent, in contrast with predictions for the slow-roll plateaus.
Finally, before any precise comparison with observations, one should also consider the production of local cosmic strings, which is a typical feature of D-term inflation [23] . Indeed, CMB anisotropies and LSS may result from both local cosmic strings and inflationary perturbations [25] . In addition, the isocurvature mode could be relevant today, as a third source of perturbations.
The potential can be expressed as:
At this stage we didn't specify any choice for φ 0 i , so the potential decomposition is not unique. We will remove this ambiguity later on. The slow-roll equations for the evolution of background and perturbations read [26] :
The sytem of N differential equations (17) has a general solution :
There are two subtleties in this expression. First, we introduced N + 1 integration constants, C 1 (the growing mode of adiabatic perturbations) and d 1...N . However, only N −1 of the d i are linearily independant: it is easy to check that the combination i d i can be absorbed into a redefinition of C 1 . The N − 1 remaining combinations are the non-decaying isocurvature modes. Second, a redefinition of one of the V i through a change in φ 0 i can also be absorbed in C 1 . Indeed, it generates a term varying in time like H/V , i.e., like H −1 . So, the constant C 1 will really parametrize the total growing adiabatic mode only if i d i = 0, and if the φ 0 i are chosen so that the V i contain no term constant in time. With these prescriptions, the decomposition (14) is unique, and C 1 , d i can be extracted from the system (18):
Outside the Hubble radius, when the growing mode is dominant, δφ i behaves as a stochastic gaussian variable with variance H(t k )/ √ 2k 3 , where t k is the time of Hubble radius crossing, and the primordial spectrum of adiabatic perturbations reads :
In hybrid inflation, we usually have V i ≪ V 0 /N, and then:
This result deserves a few comments. Let us focus on the most simple case, when only one scalar field, for instance φ 1 , dominates the power spectrum (for i > 1,
H is N 2 times smaller than if φ 1 was the only slowrolling scalar field. Indeed, though the r.m.s of δφ 1 outside the Hubble radius is irrespective of the number of fields, the splitting of this quantity between adiabatic and isocurvature modes does depend on all fields.
Let us see precisely why the suppression factor 1/N 2 appears for hybrid inflation, not for chaotic inflation. In chaotic inflation (V 0 = 0), in the limit in which φ 1 dominates the power spectrum, equations (19) and (18) read:
So, isocurvature modes are vanishing in δφ 1 /φ 1 , which explains that the adiabatic mode doesn't depend on other fields. On the other hand, for δφ i /φ i , isocurvature modes almost cancel the adiabatic mode. Now, in hybrid inflation, still in the limit in which φ 1 dominates the power spectrum, expressions for d 1 , d i are the same as above, but (18) reads:
The situation is totally different: δφ 1 /φ 1 is a sum of N modes of equal amplitude C 1 /H = 2Hd i . This explains why C 1 is suppressed as 1/N.
